Abstract. [Purpose] To establish the reliability and feasibility of a novel pinch aperture device to measure proprioceptive joint position sense. [Subjects and Methods] Reliability of the pinch aperture device was assessed in 21 healthy subjects. Following familiarization with a 15° target position of the index finger and thumb, subjects performed 5 trials in which they attempted to actively reproduce the target position without visual feedback. This procedure was repeated at a testing session on a separate date, and the between-session intraclass correlation coefficient (ICC) was calculated. In addition, extensor tendon vibration was applied to 19 healthy subjects, and paired t-tests were conducted to compare performance under vibration and no-vibration conditions. Pinch aperture proprioception was also assessed in two individuals with known diabetic neuropathy.
INTRODUCTION
The awareness of position and movement of the body and its segments without visual cues is known as proprioception 1, 2) . Proprioceptive feedback signals are collectively derived from mechanoreceptors-or "proprioceptors" as coined by Charles Sherrington more than 100 years ago 3) -located in the skin, joints, ligaments, tendons, and muscle [4] [5] [6] [7] . The stresses or strains signaled by the mechanoreceptors travel through the peripheral nerves into the spinal cord to be processed in the central nervous system (CNS), which produce the sense of one's body position and movements 8) . For instance, during an everyday task of object manipulation between the fingers, the proprioceptive feedback has a crucial role in the position of the arm, hand and fingers as well as guiding the movement from the starting to the ending points [9] [10] [11] . In addition, grip force control studies suggest that proprioception is important for updating anticipatory or online commands to control for the magnitude of grip forces and the stability of joints 12) . Hence, in the presence of proprioceptive deficits, manual activities that require fine finger movements and force are impaired. Such deficits can be the result of musculoskeletal injuries and neurological diseases affecting peripheral and central nerve structures like peripheral neuropathy, spinal cord injuries, multiple sclerosis, stroke, and others [13] [14] [15] [16] [17] [18] [19] [20] [21] .
A common clinical method used to measure finger proprioception, as part of peripheral neurological examination, is the "up or down" test applied at the distal interphalangeal joint while the patient keeps his/her eyes closed 22) . Experimentally, proprioception in the index finger was investigated via a novel apparatus, which isolates the index finger, allowing full flexion and extension of the metacarpophalangeal joint while preventing the movements at the distal and proximal interphalangeal joints 23) . The ability to reproduce the desired position was measured by the difference between the finger positions with and without visual feedback 23) . The device used by these authors provides a quantitative measure of proprioception as compared to the traditional/clinical method, but still lacks the relevance to many functional tasks. For instance, these clinical or experimental methods for testing proprioception do not consider the complexity of natural grip function, which involves multiple fingers acting simultaneously during daily manual tasks, especially the pinch between index finger and thumb that are responsible for several fine motor skills. Recently, only one study has investigated proprioception between index finger and thumb using the finger active movement extent discrimination assessment (FAMEDA), which involved the subjects pinching a device with their index finger and thumb in the presence of a "stopping point" on five different predetermined aperture sizes 24) . Proprioception assessed through this method (i.e., using predetermined endpoints for the position of the joint based on signal detection theory) takes into account that the majority of decisions subjects make about the target endpoint are clouded with uncertainty [25] [26] [27] [28] . Nonetheless, joint position reproduction, which requires the subjects to replicate a previously given position in space, is the most commonly test used in clinical sites 29) . In addition, it is still unknown whether the pinch movement proprioception (even the method aforementioned) is able to detect proprioceptive deficits. While hand proprioception deficits are common among people with musculoskeletal and neurological disorders 15, 18, 19) , to our knowledge, no study has investigated pinch aperture proprioception using joint position reproduction sense. In this study, we defined pinch aperture as the distance between the thumb and index finger during the performance of movement towards one another as when executing a pinching grasp. The pinch aperture proprioception is important to perform a variety of tasks such as buttoning a shirt, picking up small items, writing, and lifting objects with different weights. In fact, many studies have proposed the importance of proprioception in many manual tasks and its relevance in grip force control abilities 30, 31) . Therefore, there is a need for a reliable portable apparatus to measure pinch aperture proprioception. The purpose of this study is to test the reliability of a novel and simple device designed to measure pinch aperture proprioception. In addition, this device will be tested to detect potential proprioceptive deficits generated by vibration and neurological diseases. Our hypothesis is that the tested device will be reliable and able to detect proprioceptive impairments during vibration and in patients with neurological diseases.
SUBJECTS AND METHODS
A total of 21 healthy subjects (11 females and 10 males between 21 and 51 years) were recruited to test for the reliability of the new device and 19 subjects of those (11 females and 8 males between 21 and 51 years) were enrolled in the vibration study. We also tested 2 subjects (AJY and MJS) with diabetic peripheral neuropathy (DPN) as a result of type 2 diabetes (T2D), and two healthy matched for age, gender, and handedness (SRF and SJM). The demographic and clinical data for the DPN subjects and the healthy matched subjects are summarized in Table 1 . The two subjects with DPN were screened for diabetes by using glycosylated hemoglobin (HbA1c) following the American diabetic association guidelines. The presence of neuropathy was confirmed using a battery of tests performed on the lower extremities that include the use of pinprick (tested using a safety pin), light touch (10 g monofilament), vibration using the on-off method (128 hz toning fork applied on the bony prominence of the big toe proximal to the nail bed), position sense of the big toe (up or down), bilateral knee and ankle reflexes (Taylor Percussion Reflex-Hammer), and temperature sensation (Darco Temp Touch) 32, 33) . In addition, subjects were asked about symptoms of pain, loss of balance, numbness, tingling, upper limb sensation, and general weakness. They were also tested for index finger and thumb sensation via Semmes-Weinstein monofilament examination (SWME) and 2-point discrimination (2PD) test, which confirmed decreased sensation in the upper limb as well. In addition, hand dexterity was assessed for the DPN subjects and the healthy control matched subjects using Moberg pickup test. All subjects were right handed (confirmed by the Edinburgh Inventory) with no history of hand injuries and showed no other pathological conditions, except for the two diabetic patients with DPN. All subjects were volunteers and the informed consent was signed before data collection following the guidelines of the Human Subjects Committee at the University of Kansas Medical Center (STUDY00003358).
The device that we used to measure pinch aperture proprioception in this study was a lab-made device that includes a modified goniometer affixed on a cardboard box (4 × 17 × 10 centimeters; height, length, and width respectively). Two rounded pads were attached to both ends of the goniometer arms, which served as the subjects' index finger and thumb placement. The attachment between the box and the goniometer allows the fulcrum of the goniometer (along with his body) to move within a 1-inch distance to compensate for any angular movement of the moving fingers (Fig. 1) .
A lab-made vibrator was used to disturb the proprioception of the thumb and index finger through the vibration of their extensor tendons. The vibrator consisted of 5 phone vibrators (DC3V/0.1A 1.5V/0.05A 10 × 2.7 mm Coin Mobile Vibration Motor) connected to universal AC plug-in Adapter (3-volt output, 30W power). This power allowed the vibrators to operate at a frequency of 100 hertz.
Subjects were asked to place the tips of their index finger and thumb along the perpendicular pads attached to the modified goniometer. Subjects placed their tested hand on the table and were asked to keep the wrist in a neutral position allowing their index and thumb fingers to move freely. First, subjects were familiarized with the device by letting them squeeze both arms of the modified goniometer throughout the full range using their index finger and thumb (pinch aperture) once. The full range of the device corresponded to 30° of maximal pinch opening (distance of 6.99 cm between the tip of index finger and thumb) to the complete closure (i.e., when one of the goniometer arms touched the opposing round pad). The test began with the examiner asking the subjects to close their eyes and positioned the device along with the subjects' fingers to the starting point, which was 30° of pinch aperture; subsequently, the examiner adjusted the arms of the goniometer to a 15° of pinch aperture (target point), which corresponded to a distance of approximately 3.5 cm between the index finger and thumb. The pinch apertures of 30° and 15° correspond with aperture sizes for holding a regular cup and a large medicine container, respectively. We have used just one testing target point in this study because past studies have shown this approach produces better validity and reliability of the measures 34, 35) . At the target position with eyes closed, the subjects were required to concentrate in this position and memorize the exact aperture size they were in. Thereafter, the examiner passively moved the goniometer arms along with the subject's fingers to the starting position of the test at 30°. During this maneuver, the subjects were instructed to follow the goniometer movement without resisting the pinch aperture. The subjects performed 2 memorization tasks to the target point (15°). Finally, the subjects were instructed to actively move the goniometer arms from the starting point back to the target point that was previously memorized (i.e., from 30° to 15°). Once they reached the memorized target, they were instructed to inform the experimenter by saying the word "here". Subjects were instructed to keep their fingers in contact with the perpendicular pads at all times during the testing session to allow for consistency of finger placements throughout the experiments.
For reliability assessment (experiment 1), the subjects performed 5 trials on the first day of testing and repeated 5 additional trials on a consecutive day under the same conditions.
For the disturbed proprioception via vibration (experiment 2), the identical experimental procedure described above was performed including the hand placement and starting (30°) to target point (15°) positions. The subjects were asked to perform 3 testing trials of matching the target under two experimental conditions: with and without vibration. Five vibrators were positioned as follows: 2 vibrators were attached over the extensor tendon of the index finger (approximately ¾ of an inch and 1 ¼ inch proximal to the first knuckle, respectively). In addition, 2 vibrators were positioned over the extensor pollicis longus tendon, one directly over the wrist joint and the other over the extensor pollicis longus tendon just below the metacarbophalangeal joint. The fifth vibrator was positioned over the extensor pollicis brevis and the abductor pollicis longus tendons, approximately over the wrist joint. The position of the vibrators was based on previous studies 36, 37) . An adhesive tape was used to fix the vibrators to the subjects' skin. Subjects were asked each time before the experiment if they felt any restrictions on the movement of their fingers, and if so, the tape was adjusted accordingly. After the practice trial for familiarization and two practice trials for memorization as described above, vibration was turned on and subjects were asked to move the goniometer arms to the target endpoint. Vibration was applied for thirty seconds prior to moving the goniometer arms to allow for the vibration to take effect. The subjects were then asked to confirm whether they could feel the vibration effect. The order of vibration and no vibration was randomly assigned between subjects. At least one minute of rest between the conditions (with and without vibration) was provided. A single examiner performed all experiments to eliminate potential variability between different testers.
The experiment with the two neurological patients (experiment 3) was used to determine whether our device has potential to detect changes in pinch aperture proprioception in neurologic patients. Subjects performed 2 practice trials with eyes closed and an additional 3 trials of testing using the same target point (15°). The examiner used the same procedures described above for familiarization, memorization and assessment trials.
The examiner wrote down, on an assessment sheet, all actual target angles reached by the subjects during all experiments and conditions. The principal outcome variable was the measured angles from the subjects' trials compared to the actual target position. All data were entered in an Excel spreadsheet for posterior analysis. For experiment 1, the average of all 5 trials performed each day was used to test for the reproducibility between day 1 and day 2 using the intra-class correlation coefficient (ICC) with a 95% confidence interval. To represent the agreement of the measurements from day 1 and day 2, a Bland-Altman plot was developed. The differences between percentages of day 1 and day 2 were plotted against the mean target reached by the subjects during the two consecutive days. This shows how far the subjects were from the target across the two days. All assumptions were met to construct a Bland-Altman plot which include no significant differences between the measurements on either day and the trend of the data above and below the mean difference line are not significantly different, indicating no proportional bias 38) . For experiment 2, the average of the 3 trials was used for each subject to compare the differences between vibration and no vibration. Paired sample t-test was used to test for the difference between these two conditions. Alpha was set at 0.05 significance level and SPSS 16.0 for windows (SPSS Inc., Chicago, IL, USA) was used for data analysis. For experiment 3, we provided the mean values of 3 trials for each of the subjects with DPN and the healthy matched subjects.
RESULTS

Experiment 1 (reliability)
. We used a two-way random effect model. The average measure intra-class correlation coefficient (95% confidence interval) between day 1 and day 2 was 0.88 degrees (0.70-0.95). This shows a very good to excellent reproducibility over a two-day period (p<0.001). Bland-Altman plot showed a small percentage of error between day 1 and day 2 (Fig. 2) . The average percentage of error is less than 2 percent between day 1 and day 2.
Experiment 2 (vibration). Applying vibration over the extensor tendons of the index and thumb fingers elicited changes in the pinch aperture proprioception. Majority of the subjects undershot the target during the vibration conditions. Figure 3 shows the mean values reached by the subjects during vibration (18.1° ± 2.59) and no vibration (14.8° ± 0.76) conditions, which were statistically significantly different between both conditions (p<0.001).
Experiment 3 (neurological subjects). Table 1 shows the clinical evaluation results for the two subjects with DPN (AJY and MJS) and the two healthy controls (SRF and SJM). Both subjects with DPN undershot to the target with an average of 20.17° while the two healthy control subjects matched the target with an average of 15°. In comparison, the entire healthy control group who participated in the second experiment had an average of 14.8° without vibration. 
DISCUSSION
This study is the first to examine pinch aperture proprioception between the index finger and the thumb in a functional and clinically accessible way using the joint position reproduction. Our findings confirmed our hypothesis that our novel and simple device will show high reliability and has the potential to capture changes in pinch aperture due to proprioceptive disruption (vibration) and in patients with neurological diseases. In addition, our methods for this specific test are easy to follow, practical and quick to apply, taking approximately 5 minutes to perform under normal conditions.
The reliability study we conducted to test our device showed moderate to excellent reproducibility for the pinch aperture proprioception over two consecutive days. Similar reliability was observed in other studies investigating proprioception in the index finger only or between the index finger and thumb. For instance, Wycherley and his colleagues 23) measured proprioception of the index finger, specifically the metacarpophalangeal joint position sense over three consecutive days in a control group of 12 healthy subjects. The ICC (95% CI) was 0.96 (0.90-0.98) between days 1 and 2, 0.86 (0.67-0.94) between days 2 and 3, and 0.92 (0.85-0.96) between all days. In the present study, we had a larger sample size (21 subjects) and the ICC between days 1 and 2 was 0.88 (0.70-0.95). In Addition, the Bland-Altman plot (Fig. 2) shows that the healthy subjects had a low percentage of error (less than ± 10%), and the mean values cluster around 15°. These are reasonable numbers that allow our device and methods to be used clinically 39) .
Most of the previous studies have investigated proprioception of the proximal interphalangeal joint of the index finger 23, [40] [41] [42] [43] . Although such investigations are important, they do not represent the complex nature of the grasping maneuvers involved in the majority of the manipulative tasks we perform during ADLs such as buttoning a shirt, holding a key, using a scissor, administering a medicine using an injection, and picking up pills. There is one study, however, that tested proprioception between the index finger and thumb which was termed as FAMEDA 24) . This study tested index finger and thumb "pinch movement discrimination" in 8 healthy subjects using a similar experimental set up. They asked the subjects to actively pinch with the index finger and thumb bringing the device arms together at 5 different stopping points. Subjects were provided with 15 practice trials with visual feedback while vision was occluded for the 50 testing trials. Although both studies by Han and his colleagues 24) and ours used different methods to test pinch aperture proprioception, the reliability values were higher in our study (i.e., the ICC was 0.85 between days 1 and 8 in their study while in our study the ICC was 0.88 between days 1 and 2). The principal difference between the methods of the study by Han et al. 24) and our study is that we used the joint position reproduction to test for proprioception, which is a common approach in clinical sites and only requires 3 to 5 repetitions to detect the position sense 29) . The method used by Han and his colleagues 24) was based on signal detection theory, which states that the majority of decisions we make are taken in the presence of some uncertainty, i.e., larger amount of trials is needed to establish certainty in the decision-making process about the aperture sizes being tested 27, 44) . In addition, they used the receiver operating characteristic (ROC) curve analysis to account for the probability of correct and wrong responses made by the subjects recalling the 5 different positions. In our study, we calculated for the average of 3 to 5 testing trials 45) . Furthermore, in our study, the practice trials were performed without visual feedback, while in the study by Han et al. 24) it was performed in presence of vision. It is known that vision contributes to the sense of proprioception and it can be argued that subjects might not have focused on the peripheral sense generated from muscle spindles and rather focused more on the central effort and the visual feedback fed into the internal model 46) . Finally, regardless of the two different techniques used, the results of both studies show that index finger-thumb aperture proprioception is reliable and both methods have potential to test the pinch aperture proprioception.
The purpose of the second experiment was to determine the feasibility of our device in detecting disruptions in pinch aperture proprioception via tendons' vibration. Goodwin and colleagues 7) were the pioneers in applying vibration to a muscle tendon to excite muscle spindles. As such, the signal carried through the Ia afferent nerve fibers will be interpreted in the CNS as an elongation in the muscle fibers 47, 48) . In the study by Goodwin et al. 7) , the subjects experienced more elbow flexion movement due to the biceps vibration and the tracking forearm undershot the target when trying to keep both forearms parallel to each other. In addition, vibration to the tibialis anterior/soleus muscles produced a lengthening of the stimulated muscles perceived as plantarflexion/dorsiflexion, respectively 49) . Our findings agree with this previous research in which most of our subjects undershot relative to the target point when applying vibration to the tendons of thumb and index finger extensor muscles. Most importantly, our device and methods were able to detect such a disruption on the pinch aperture proprioception, which might facilitate the assessment of proprioception between the thumb and index finger. In addition, our apparatus and methods have greater potential to correlate its outcomes with outcomes of functional manual activities, which is our plan for future studies.
In addition to disrupted proprioception provoked by tendon vibration, our device and methods were able to detect proprioceptive deficits in two patients with DPN due to T2D. AJY and MJS exhibit profound deficits on the big toe during vibration and temperature testing. As compared to the healthy controls, both subjects also showed worse sensation on the hands (via SWME and 2PD tests), which was consistent with DPN. Furthermore, MJS showed deficits in the toe-up and down maneuver indicating proprioceptive deficits. Both subjects also performed the Moberg Pickup Test with eyes closed, which is known to test for proprioceptive deficits 30, 31) . In this test, subjects were asked to use the thumb and index finger when picking up the small items. Both subjects with DPN took a longer time to pick up small items as compared to the healthy matched subjects. This could possibly be related to pinch aperture proprioception deficits. However, no study has investigated the relationship between Moberg Pickup Test and pinch aperture proprioception deficits. Future studies should further investigate this premise.
In conclusion, this study provides a simple, novel and clinical approach to test for pinch aperture proprioception. The device used by the present study has the potential to quantitatively and reliably measure pinch aperture proprioception deficits. This will help improve the diagnosis of hand and fingers proprioception and current rehabilitation programs dealing with hand function that requires a better understanding of the actual deficits. This may be critical for occupational and physical therapists when following up with a treatment strategy that focuses on improving proprioception of the hand and fingers. Future studies should investigate the reliability of the device between different therapists and in neurological and orthopedic population who have potential to exhibit pinch aperture proprioception deficits such as patients with Parkinson's, stroke, carpal tunnel syndrome, and hand osteoarthritis. Thus, our present device and methods can be used as another tool to measure proprioception in these subjects in the future. Finally, decrements in hand dexterity can be correlated with proprioceptive deficits affecting the pinch aperture, which must be the topic for future studies.
